In this work, an optimization protocol for a small-scale biomass plant and a Stirling engine direct coupling is presented. The gas produced by the combustion is directly piped to the Stirling engine heater head whose performance is investigated with regard to the following aspects: the operating conditions, the heat fluxes and temperatures and the type of biomass. Moreover, the system is successfully modeled by means of the optimization protocol based on the Boubaker Polynomial Expansion Scheme (BPES). The results show that moderate speed values of Stirling engine (≈200-400 rpm) lead to optimize the process. As a consequence, the coupled system can be used for small-scale applications in order to meet the local energy demand of individual industries.
Introduction
Because of the recent global crisis, the outlook for the economic growth is nowadays uncertain and difficult to predict. However, the primary energy demand has been increasingly growing rising up to +5% if compared to 2010. In this scenario, renewable energy sources (RES) are playing an important role: hydropower and wind are indeed in the first place in meeting the energy needs [International Energy Agency] .
Biomass is currently the fourth largest source of energy in the world after coal, oil and natural gas and can be used for electricity, heat and transport fuels production [Zhang et al., 2013] . Its use is becoming even more attractive since it leads to reduce global CO 2 emissions and to convert the residual biomass from agro-forestry districts in a useful resource ; Hall, 1997; Pereira et al., 2012] . Broadly speaking, biomass can be exploited in several methods depending on C/N ratio and moisture content. Among them, gasification can be considered as one of the most interesting thermo-chemical conversion process -where the combustion is developed in absence of oxygen-and as an efficient and sustainable alternative for heat and power generation and production of hydrogen and ethanol [Monarca et Gasification technologies vary according to the chemical-physical characteristics of the biomass and the gas, such as conversion rate and residence time of biomass, temperature, TAR level, CO and H 2 content of synthesis gas (syngas) [Bridgwater, 2003] . Moreover, they can be divided into: fixed bed, fluid bed and entrained flow [Bridgwater, 2003; Orenberger and Thek, 2008] . In case of installed power up to 100kW el and for small scale of Combined Heat and Power (CHP) plants, the Stirling engine process can be efficiently coupled [Orenberger and Thek, 2008] . In order to increase the global efficiency, the CHP module can be integrated with a thermally driven chiller producing the cooling effect and thus obtaining a Combined Cooling Heating and Power (CCHP) system [Maraver et al., 2012] . The Stirling engine can be successfully coupled with a biomass updraft gasifier which has been developed for small-scale applications although some modifications are required, such as locating an embedded combustor inside the gasifier to fully combust the syngas [Lin, 2012] .
The updraft gasifier is shown in Figure 1 : the biomass (i.e. the fuel) and the gasification air enter the system from the upper part and the bottom of the reactor respectively. After the drying zone, the biomass is decomposed into volatile gases and solid char in the pyrolysis phase. In the reduction or gasification step the reactions, involving char, are developed to complete the biomass conversion. Thermal energy is required to continue with the process and is provided by the combustion zone in the bottom part of the reactor [Mandl et al., 2010] . The Stirling engine operation of the present coupled system is based on the thermal difference between the hot part -at high constant temperature-and the other part -at ambient constant colder temperature. The working gas undergoes an expansion in the hot zone and a contraction in the cold one and leads to a reciprocating motion of "heat" and "power" pistons which is then converted into a rotation through a swash plate driver. The power of the system is produced by the generator and the global efficiency is efficiently increased by the regenerator between the hot and cold [STM Power Inc, 2005; Formosa and Despesse, 2010; Cullen and McGovern, 2011] .
Op
The heat of hot combusted gases is transferred to the working gas inside the cylinder by means of a heat exchanger. As a consequence, the latter expands and moves the piston inside the "power" cylinder [Leu, 2010] .
Stirling engine basic assumptions
The ideal regenerative Stirling engine working cycle can be represented in the p-V diagram as shown in Fig. 5 and consists of the following four stages: an isothermal compression (from point 3 to 4) at constant temperature T c , an isochoric heating process (from point 4 to 1), an isothermal expansion (from point 1 to 2) at constant temperature T e and an isochoric cooling process (from point 2 to 3). The basic assumptions for the present Stirling engine are listed below: the temperature is a known and constant value; the working fluid is an ideal gas; pressure differences do not occur between the gas areas; the motion of the "heat" piston is sinusoidal and 90° ahead of "power" piston. there is no leakage into or out of the working fluid space; the power is not transferred through the heat piston; the pistons are massless; the air temperature within the engine is uniform; the sources temperature is uniform and constant.
Fig. 4: Ideal regenerative Stirling p-V diagram (or work diagram) [Cheng and Yang, 2012]

Biomass gasifier basic assumptions
With specific regard to the biomass gasifier of the coupled systems, the following assumptions can be considered [Galenoa and Minutillob, 2011 
where x j | j=1..6 are output entities molar fractions and a and b coefficients are calculated using stoichiometric balance conditions.
Governing equations
The gasifier output temperature T g,out is calculated according to the first thermodynamic principle: the enthalpy of the products at the reaction temperature is equal to biomass, moisture and air sensible and formation enthalpy, incremented with the heat inputs (preheating, Q in ) and the heat outputs (heat loss, Q out ). The energy balance is hence given by:
The mathematical model is based on directly quantifying the heat transfer rate between the biomass gasification processor and a tube exchanger of the Stirling engine, considering the external and internal resistances. The Stirling engine is modeled adopting a lumped approach, according to the constitutive equations available in literature which provide the engine efficiency and the power output by considering different values of upper/lower temperatures and angular speed. The model predicts the dynamic response of the system. The energy conversion efficiency can be estimated for different operating conditions and intrinsic parameters. It consists hence of three fundamental blocks (Fig. 5) describing the biomass gasifier, the heat transfer module and the Stirling engine.
Fig. 5: The fundamental blocks of the coupled system
With regard to the ideal Stirling cycle, it is assumed that the total heat rejected during the second part is totally absorbed by the regenerator and then released to the working fluid during the first part at efficiency E [Kunii et al., 1991; Scala and Salatino, 2002] . The calculation steps account for different parameters as pressure, upper and lower temperature and fluid density/viscosity and lead to estimate the engine power, efficiency, and torque for assigned geometrical parameters and physical properties. The amount of work during the isothermal process and the received heat during the isochoric heating process and isothermal expansion are expressed in a simple form:
where R is the constant gas. In case of perfect gases, R value is given by the difference between specific heat of the gas at constant pressure C p and specific heat of the gas at constant volume C v , and χ is the Stirling engine volume ratio (χ = V max /V min ). The engine efficiency is hence expressed as:
Considering that the hot side temperature T H of the Striling engine is equal to the gasifier output temperature T g,out and that the temperature itself depends on the substrate characteristic ratio t (t =M/N where M and N atomic numbers of CH M O N ) and on the angular speed ω, the following formula is thus given for small values of E:
where B 4k are the 4k-order Boubaker polynomials, r k are B 4k minimal positive roots, N 0 is a prefixed integer and λ k | k=1..N0 and ζ k | k=1..N0 are unknown pondering real coefficients. For given values of the above mentioned parameters, the resolution of the system (5) 3 Results and discussions Figure 6 presents the solutions in terms of global efficiency in the (t,ω)-plane. The first remark could be formulated about the stability of the efficiency beyond a given value of the angular speed. This feature means that, for a given torque value, variation in the biomass composition would not enhance the global system efficiency. This result is in good agreement with [Kongtragool and Wongwises, 2006; Haneman, 1975; Curzon and Ahlborn, 1975] . Nevertheless, for moderate speed values (≈200-400 rpm), the biomass composition which can optimize the process up to 80% and 70% (dash lines in Fig. 6 ) can be determined. The values of substrate characteristic ratio t correspond to the compositions CH1 6x O 20y and CH 20x O 10y . In the relevant literature these formulas are typical of some herbaceous crops such as hemp, miscanthus, switchgrass, and some tree crops such as eucalyptus, oil palm and willow [Kongtragool and Wongwises, 2006; Haneman, 1975; Curzon and Ahlborn, 1975] . 
Conclusion
The present paper is addressed to give evidence of the possibility of enhancing the efficiency in a coupled energy system. In more detail, the investigation involved the coupling of a small-scale solid biomass updraft gasifier and a Stirling engine. The use of solid fuels with low heat values -if compared with those of common use such as coal, liquid fossil fuel or methane-is hence encouraged.
The optimization protocol based on the Boubaker Polynomials Expansion Scheme (BPES) has lead to evaluate the best operating conditions of the Stirling engine in case of direct coupling with an updraft gasifier. The results clearly show that the highest efficiency of the system is reached for moderate speed values, approximately 200-400 rpm. Moreover, the coupled system can be used for a small-scale applications, namely to meet the local energy demand of individual industries. The results can be further considered as useful tool for decision making, concerning energy conversion patterns and biomass gasification processes efficiency.
